A previous study demonstrated that the progesterone-inducible HAND2 gene product is a basic helix-loop-helix transcription factor and prevents mitogenic effects of estrogen receptor α (ERα) by inhibiting fibroblast growth factor signalling in mouse uteri. However, whether HAND2 directly affects the transcriptional activation function of ERα remains to be elucidated. In the present study, the physical interaction between HAND2 and ERα was investigating by performing an immunoprecipitation assay and an in vitro pull-down assay. The results demonstrated that HAND2 and ERα interacted in a ligand-independent manner. The in vitro pull-down assays revealed a direct interaction between HAND2 and the amino-terminus of ERα, termed the activation function-1 domain. To determine the physiological significance of this interaction, the role of HAND2 as a cofactor of ERα was investigated, which revealed that HAND2 inhibited the ligand-dependent transcriptional activation function of ERα. This result was further confirmed and the mRNA expression of vascular endothelial growth factor, an ERα-downstream factor, was decreased by the overexpression of HAND2. This inhibition of ligand-dependent transcriptional activation function of ERα was possibly attributed to the proteasomic degradation of ERα by HAND2. These results indicate a novel anti-tumorigenic function of HAND2 in regulating ERα-dependent gene expression. Considering that HAND2 is commonly hypermethylated and silenced in endometrial cancer, it is hypothesized that HAND2 may serve as a possible tumor suppressor, particularly in uterine tissue.
Introduction
Endometrial cancer is one of the most common types of gynecologic malignancy, increasing each year (1) . Based on a pathological view, endometrial cancer can be divided into two subtypes (2) . Type 1 endometrial cancer includes highly differentiated endometrioid adenocarcinoma, which is characterized by stepwise carcinogenesis through endometrial hyperplasia to endometrial cancer. Type 2 endometrial cancer, including poorly differentiated, serous and clear cell adenocarcinoma, is reported to occur alongside de novo mutation of TP53 (3) . The principal cause of type 1 endometrial cancer is considered to be the prolonged exposure to estrogens without antagonistic effect of progesterone, and this pathophysiology is closely associated with first grade amenorrhea, polycystic ovary syndrome, obesity and hormonal supplementation therapy (3) . Estrogen replacement therapy is utilized to control menopausal symptoms, however, it is known to increase the risk of developing endometrial cancer between 2-and 20-fold for females possessing uteri (4) , and the increment of risk is well correlated with the duration of its use. In order to reduce the risk of endometrial cancer, it is recommended that postmenopausal females possessing uteri use progestin together with estrogens (4) . A representative progestin, medroxyprogesterone acetate (MPA) is used for fertility-sparing treatment in type 1 endometrial cancer (5) . The way in which MPA maintains quiescence of the endometrium remains to be elucidated, although MPA is known to possess detrimental effects on breast tissue, and MPA marginally increases the risk of developing breast cancer (6) . Therefore, analysis of the physiological role of estrogens for the prevention of endometrial cancer is urgently required.
HAND1 and HAND2 constitute the HAND subclass of the basic helix-loop-helix (bHLH) family, and were independently identified during analyses to identify candidate E-box binding transcription factors in yeast two-hybrid screens (7) . HAND2 is known as a critical regulator of morphogenesis in a variety of tissues, as HAND2 is expressed in the heart and neural crest-derived tissues, and is essential for the formation of the brachial arch, cardiovasculature and limbs (8) . It has been reported that HAND2 interacts with GATA4, Nkx2.5, MEF2C, Phox2 and Mash1 (9) (10) (11) (12) . GATA4, Nkx2.5 and MEF2C are associated with cardiogenesis, whereas Phox2 and Mash1 are associated with the development of the autonomic nervous system (9) (10) (11) (12) . It has been demonstrated that HAND2 forms homo-or heterodimers with other bHLH proteins, and activates transcription by binding to the E-box elements (13, 14) . However, the downstream factors of HAND2 and the associations between HAND2 and nuclear receptors remain to be fully elucidated. A previous study revealed that HAND2 is localized exclusively in the uteri of stromal tissue, and progesterone-induced expression of HAND2 in the murine uterine stroma suppresses the production of fibroblast growth factors (FGFs), which act as paracrine mediators of the mitogenic effects of estrogen on the uterine epithelium (15) . Whether HAND2 affects the transcriptional activation function of ERα as a transcriptional factor remains to be elucidated.
Considering previous data, demonstrating that the expression of HAND2 is impaired in endometrial cancer, compared with normal endometrium and endometrial hyperplasia, as determined using DNA methylation analysis (16) , the present study aimed to investigate the interaction between HAND2 and ERα, and aimed to identify the physiological function of HAND2, particularly associated with endometrial cancer. The results of this investigation may prove to be useful in identifying novel molecular-targeted therapies for the treatment of endometrial cancer. Expression vectors. Human ERα vectors and the ERE-tk-Luc and 17M8-AdMLP-Luc reporter constructs were used, as described previously (17, 18) .
Materials and methods

Chemicals
Immunoprecipitation, western blot analysis and ubiqutination assay. The formation of endogenous HAND2-ERα and HAND2-ERβ complexes were analysed by co-immunoprecipitation using specific antibodies raised against human ERα and ERβ, followed by immunoblotting using anti-human HAND2 antibody, as described previously (17, 18) .
For evaluating the HAND2-mediated degradation of ERα, 2x10 5 AN3CA cells were transfected with 0.2 µg/ml pcDNA FLAG ERα and/or pcDNA Myc HAND2 in 6 cm dishes. The cells were treated with or without MG132 (10 -5 M), and were harvested 24 h following the addition of MG132.
For evaluating the HAND2-mediated degradation of ERα, 0.2 µg/ml HA-tagged ubiquitin (HA-Ub), pcDNA FLAG ERα and pcDNA Myc HAND2 were transfected into 4x10 4 HEK293T cells, in the presence or absence of E 2 (10 -8 M). The cell lysates were subjected to anti-Flag M2 agarose (1:100; Sigma-Aldrich) and the level of Ub-bound ERα protein was evaluated using western blotting, as previously described (17, 18) .
The antibodies used for western blotting were as follows: Anti-ERα (1:1,000; mouse monoclonal and rabbit polyclonal), anti-β-actin (1:10,000), anti-HA (1:1,000), anti-ERβ (1:1,000), anti-DYKDDDDK Tag (1:1,000) and anti-HAND2 (1:1,000). These primary antibodies were incubated overnight at 4˚C and the results were visualized by ImageQuant™ LAS-3000 (GE Healthcare Life Sciences, Chalfont, UK).
In vitro glutathione S-transferase (GST)-pull down assay.
The GST fusion proteins, GST-ERα activation function (AF)-1/AF-2, or GST alone were expressed in Escherichia coli (Takara Bio, Inc., Otsu, Japan) and bound to glutathione-sepharose 4B beads (GE Healthcare Life Sciences). The expression levels of GST-ERα AF-1 and AF-2 were confirmed using Coomassie Brilliant Blue (Thermo Fisher Scientific, Waltham, MA, USA) staining (17, 18) . The immobilized GST-ERα AF-2 fusion proteins were preincubated for 30 min in GST binding buffer, containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl and 1 mM EDTA, with or without E 2 (10 -6 M). The GST proteins were incubated at 4˚C with the indicated [
35 S] methionine-labeled proteins. After 1 h incubation, unbound proteins were removed by washing the beads in GST binding buffer containing 0.5% Nonidet P-40 (Wako Pure Chemical Industries, Ltd.) and protease inhibitor cocktail (Roche Applied Science). The specifically-bound proteins were eluted by boiling in SDS sample buffer and analysed using 10% SDS polyacrylamide gel electrophoresis and autoradiography (ImageQuant™ LAS-3000; GE Healthcare Life Sciences).
Luciferase reporter assay. For the luciferase assay, 4x10 4 HEK293T cells were transfected with 0.2 µg/ml pcDNA, pcDNA FLAG ERα, pcDNA, pM ERα AF-2 and 0.2-0.6 µg/ml pcDNA Myc HAND2 vectors using Effectene reagent (Qiagen, Hilden, Germany), according to the manufacturer's instructions. As an internal control to equalize the transfection efficiency, a phRL CMV-Luc vector (Promega Corporation, Madison, WI, USA) was also transfected in all the experiments. Individual transfections, each consisting of triplicate wells, were repeated at least three times (17, 18) .
Reverse transcription-semi-quantitative polymerase chain reaction (RT-qPCR).
The AN3CA cells were transfected with either pcDNA3 (control; Invitrogen, Carlsbad, CA, USA) or pcDNA Myc HAND2. These cells were then treated with vehicle, E 2 or PPT for 24 h. Total RNA was extracted from the cells using an RNeasy Mini kit (Qiagen), and cDNA was synthesized using ReverTra Ace (Toyboyo, Co, Ltd., Tokyo, Japan). The expression of each mRNA was normalised for RNA loading in each sample using glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primers and conditions for the amplification of GAPDH were as described previously (19) . The PCR primers for GAPDH VEGF and ERα were as follows: GAPDH, forward 5'-TGC ACC ACC AAC TGC TTA GC-3' and reverse 5'-GGC ATG GAC TGT GGT CAT GAG-3; VEGF, forward 5'-CCA GCA GAA AGA GGA AAG AGG TAG-3' and reverse 5'-CCC CAA AAG CAG GTC ACT CA C-3; and ERα, forward 5'-TGT GCA ATG ACT ATG CTT CA-3' and reverse 5'-GCT CTT CCT CCT GTT TTT A-3'. Firstly, 250 ng cDNA, 0.1 µl Ex Taq Polymerase (Takara Bio, Inc.) and 0.2 µM primers were mixed. Thereafter each PCR regimen involved a 2 min initial denaturation step (94˚C), which was followed by 15-30 cycles at 94˚C for 30 sec, then at 55˚C for 30 sec and finally at 72˚C for 30 sec using a Thermal Cycler Gene Atlas instrument (ASTEC Co., Ltd., Kasuya, Japan).
Statistical analysis. Data are presented as the mean ± standard error of the mean from at least three independent determinations. Multiple comparisons between more than two groups were analysed using one-way analysis of variance and post-hoc tests using GraphPad Prism version 6.0 with the Bonferoni/Dunn post hoc tests (GraphPad Software, San Diego, CA, USA). P<0.05 were considered to indicate a statistically significant difference.
Results
HAND2 directly binds to the AF-1 region of ERα in a ligand-independent manner.
To assess the hypothesis that ERα interacts with HAND2 protein, the present study performed immunoprecipitation assays using antibodies raised against ERα. The immunoblotting revealed the existence of HAND2 protein in the cell lysates of the ERα-proficient MCF-7 cells (Fig. 1A) . The present study also performed immunoprecipitation assays using antibodies raised against ERβ, and the immunoblotting revealed the existence of HAND2 protein in the cell lysates of the ERβ-proficient MDA-MB-231 cell (Fig. 1B) , which indicated that HAND2 was physically associated with ERα and ERβ. Subsequently, the present study examined the function of HAND2 in association with ERα to determine the physiological function of HAND2 in endometrial cancer.
The results, described above, were further confirmed using in vitro pull-down assays to demonstrate the functional importance of the HAND2-ERα interaction. To map the region of ERα that interacts with HAND2 as a transcription factor, GST-fused ERα activation function (AF)-1 or AF-2 ( Fig. 2A) and [ 35 S] methionine-labelled HAND2 were incubated and their interactions were assessed. As shown in Fig. 2B , the GST-fused ERα AF-1 protein possessed the ability to retain HAND2 on the column. The GST ERα AF-2 column exhibited weak interaction with HAND2, compared with the GST ERα AF-1 column and the interaction between HAND2, and GST ERα AF-2 was unchanged, regardless of the presence of E 2 (Fig. 2C) . These data indicated that HAND2 interacted directly with ERα AF-1 in a ligand-independent manner.
HAND2 represses the transcriptional activation function of ERα.
To examine the cofactor activity of HAND2 in the transcriptional activation function of ERα, the present study performed transient transfection assays using a luciferase reporter plasmid, driven by a thymidine kinase promoter containing three tandem repeats of the canonical estrogen responsive element (AGGTCAnnnTGACCT). Although ERα exhibited a ligand-dependent transactivation function in the HEK293T cells (Fig. 3A, lane 4) , the transient expression of HAND2 led to a significant decrease in luciferase activity of ERα, and this downregulation increased as the quantity of HAND2 expression vector increased (Fig. 3A, lanes 5-7) .
The present study subsequently aimed to determine the role of HAND2 in the transactivation function of GAL4-fused ERα AF-2. For this purpose, transient transfection assays were performed in HEK293T cells using a 17M8-AdMLP-luc luciferase reporter plasmid (20) . The ligand-induced transactivation function of ERα AF-2 (Fig. 3B, lane 4) was not significantly affected by the exogenous expression of HAND2 (Fig. 3B, lane 6) . 
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To evaluate the effect of HAND2 on endogenous gene expression, the mRNA expression of VEGF was examined in AN3CA endometrial cancer cells, as expression of the VEGF gene is driven by estrogen (21) . As expected, treatment of the AN3CA cells with E 2 led to a significant increase in the mRNA expression of VEGF, and overexpression of HAND2 suppressed the mRNA expression of VEGF, in the presence or absence of ERα agonists. However, suppression was most prominent in the presence of PPT, an ERα specific agonist (Fig. 3C) . Therefore, these results indicated that HAND2 suppressed the transcriptional activation function of ERα via its AF-1 domain, and the suppression was specific for ERα. (Fig. 4A) , although the mRNA level of ERα was unaffected by forced expression of HAND2 (Fig. 4B) . In addition, the decreased protein expression of ERα was reversed by the addition of the MG132 proteasome inhibitor (Fig. 4A) . Thus, it was hypothesized that HAND2 protein may stimulate degradation of the ERα protein, and this degradation of ERα protein results in the downregulation of transcriptional activation of ERα. To confirm this hypothesis, HA-Ub and Flag-tagged ERα were transfected into the HEK293T cells, and the protein level of ERα and ubiqutination status of ERα were determined using western blotting with anti-Flag M2 agarose and anti-HA antibody. The ubiquitination assays demonstrated the polyubiquitinated status of ERα (Fig. 4C) , indicating that ERα was degraded via the ubiquitin-proteasome pathway, irrespective of the presence or absence of E 2 .
Discussion
Although it has been reported that HAND2 belongs to the bHLH transcription factor, which binds to the E-box domain, its transcriptional function on ERα remained to be fully elucidated. The present study demonstrated that HAND2 functioned as a modifier of ERα. Representative transcription factors that contain the bHLH domain include hypoxia-inducible factor (HIF), Myc, aryl hydrocarbon receptor (AhR), aryl hydrocarbon receptor nuclear translocator (ARNT) and TWIST1/2 (22) , and the characterization of the bHLH family as a factor that affects the nuclear receptor superfamily has been investigated substantially. Originally, the interaction between AhR and ERα was identified through the investigation of 2,3,7,8-tetrachlorodibenzo-[p]-dioxin (TCDD) (23) , and AhR was identified as a ligand-dependent ubiquitin E3 ligase (24, 25) . AhR also belongs to the nuclear receptor superfamily, and the AhR/ARNT heterodimer inhibits ERα activity by binding to the AF-1 lesion of ERα (26), similar to HAND2 in the present study (Fig. 2B) . In the present study, exogenous expression of HAND2 repressed the transcriptional activity of ERα (Fig. 3A and B) . This mechanism is similar to that of AhR. Therefore, it is not surprising that HAND2 repressed the ligand-dependent transcriptional activation function of ERα.
It has been accepted that the function of ERα is regulated at transcriptional and post-transcriptional levels. The latter includes phosphorylation, acetylation, sumoylation, methylation, palmitoylation, modulation by microRNA and ubiquitination (27) . For recognition by ubiquitin ligases, a substrate protein requires phosphorylation or methylation. The sequential administration of ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2) and ubiquitin ligase (E3) is followed by 26S proteasomal degradation (27) . Several ubiquitin proteasome pathway components, including E6AP, MDM2, BRCA1 and SCF SKP2 are considered to be ERα cofactors (28) . Among these, BRCA1, a breast and ovarian cancer-susceptible gene product, is known to form a complex with BARD1, and this complex decreases the ligand-dependent transcriptional activation function of ERα (29) . The observation that HAND2 functioned as a co-repressor of ERα in the present study resembled the function of BRCA1, and this inhibition leads to the continuous suppression of transcriptional activity of ERα, regardless of the presence of ligands. 
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Although the expression of HAND2 is regulated by progesterone (15), a previous report suggested that increased calcineurin/Nfat signalling and decreased expression of miR-25 integrated to re-express HAND2 (30) , and others have reported that the expression of HAND2 is silenced by methylation of the promoter lesion of HAND2 (16) . The present study investigated whether the expression of HAND2 was manipulated by a DNA de-methylation chemical using 5-Aza-2'-deoxycytidine (AZA). However, the protein level of HAND2 remained unchanged following treatment of the AN3CA cells with AZA (data not shown). Therefore, another possible mechanism requires consideration to fully elucidate how the expression of HAND2 may be modulated. Although it has been demonstrated that the expression of HAND2 correlates with the ubiquitin fusion degradation 1L (UFD1L) ubiquitin-conjugating protein (31) , the effects of HAND2 on the expression of UFD1 L were not examined in the present study. Clarification of the mechanism underlying how HAND2 recruits ubiquitin-proteasome machinery is required, as HAND2 itself is not an ubiquitin-conjugating enzyme.
The findings of the present study suggested that HAND2 may contribute to the suppression of tumorigenesis, as ERα generally contributes to tumorigenic function by stimulating cellular proliferation (32) and E 2 may have a principal role in homeostasis of the uterine endometria, as continuous and unopposed stimulation of the uterine epithelia by E 2 results in the increased frequency of endometrial cancer (33) . Consistent with this hypothesis, the expression of HAND2 was attenuated in the epithelia of endometrial cancer, compared with those in the normal endometrium and in endometrial hyperplasia (16) , and the expression of VEGF was abrogated by concomitant overexpression of HAND2 particularly in the presence of the ERα-specific ligand, PPT (Fig. 3C) . It was suggested that HAND2 is involved in maintaining the quiescence of uterine endometria, however, determining the detailed mechanism underlying the effects on ERα by HAND2 requires further investigation. The present study also revealed the interaction between HAND2 and ERβ. VEGF is a downstream factor of ERβ, as well as ERα, and E 2 stimulates ERα and ERβ (34) , however, the role of ERβ in endometrial cancer remains to be fully elucidated. The present study suggested that HAND2, a transcription factor for morphogenesis, may have a function in suppressing estrogen-dependent cancer. Breast cancer is known to be an estrogen-associated cancer, and the role of HAND2 in breast cancer remains to be elucidated. HAND2 may provide an important molecular target for these hormone-dependent types of cancer, and identification of the regulating mechanism of HAND2 may improve the control of these types of cancer.
In conclusion, the present study demonstrated the role of HAND2 as a negative transcriptional regulator of ERα. HAND2 was involved in the inactivation of ERα by associating with the amino-terminus of ERα, and exerted degradation of ERα by stimulating the ubiquitin-proteasome pathway. Therefore, in addition to inhibition of FGF signalling in the uterine tissue, HAND2 directly affected the mitogenic effects of ERα, and these results suggested that inactivation of HAND2 may be detrimental in the regulation of cellular proliferation. Consistent with this hypothesis, hypermethylation and silencing of HAND2 is commonly found in endometrial cancer (16) . Taken together, it can be hypothesized that HAND2 may serve as a possible tumor suppressor, particularly in uterine tissue. However, further investigations are required to confirm the physiological implications of HAND2 in the uterus.
